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Carbon dioxide is a vital gas for life on Earth,
a waste product of human activities, and widely
used in agriculture and industry. Its accurate
sensing is therefore of great interest. Optical
sensors exploiting the mid-infrared light absorp-
tion of CO2 provide high selectivity, but their
large size and high cost limit their use. Here,
we demonstrate CO2 gas sensing at 4.2 µm wave-
length using an integrated silicon waveguide, fea-
turing a sensitivity to CO2 of 44% that of free-
space sensing. The suspended waveguide is fab-
ricated on a silicon-on-insulator substrate by a
single-lithography-step process, and we route it
into a mid-infrared photonic circuit for on-chip-
referenced gas measurements. Its demonstrated
performance and its simple and scalable fabrica-
tion make our waveguide ideal for integration in
miniaturized CO2 sensors for distributed environ-
mental monitoring, personal safety, medical, and
high-volume consumer applications.
Carbon dioxide (CO2) is an atmospheric trace gas and, being
the carbon source in the carbon cycle, it is vital to life on Earth. It
is also a waste product of human activities and massively used
in agriculture and industry. The atmospheric CO2 concentration
is growing at an ever increasing rate and reached 410 ppm in
2018 [1]. Besides affecting Earth’s climate [2, 3], elevated CO2
levels increase air pollution mortality [4], and gross leakage of
CO2 puts personnel at risk of asphyxiation [5]. Indoors, high
CO2 levels deteriorate human cognitive function and decision-
making [6–8], with consequences spanning from reduced at-
tention and productivity in classrooms and offices [6, 7] to an
increased risk for car and airplane accidents [8]. Extensive and
accurate sensing of CO2 is therefore crucial.
Optical CO2 sensors would benefit most applications, due to
their high selectivity, fast response, and minimal drift, compared
to electrochemical and metal-oxide semiconductor-based sen-
sors [10]. However, the adoption of traditional non-dispersive
infrared CO2 sensors, with a free-space configuration, is lim-
ited by their large size, high cost, and high power consumption.
In contrast, optical CO2 sensors based on integrated photonic
waveguides, which allow a light path as long as tens of centime-
ters to fit in a volume smaller than a few cubic millimeters, could
achieve the level of miniaturization and power consumption re-
quired for mobile applications.
Despite the advantages of miniaturized optical absorption
CO2 sensors, their development has been hindered by the lack of
suitable optical components for the mid-infrared (mid-IR) spec-
tral range, where the optical sensing of ambient CO2 with high
selectivity and sensitivity is optimal. At wavelengths around
4.26 µm, CO2 presents strong isolated absorption peaks that
do not overlap with those of other gases commonly present
in ambient air, such as water vapor, as shown in Fig. 1. The
recent progress in light sources [11–13], detectors [12–17], and
integrated waveguides [12, 13, 16, 18] for the mid-IR is now
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Fig. 1. Absorption spectra of typical air at 296 K and 1 atm
and its mid-IR-active constituents: water vapor (18 600 ppm),
carbon dioxide (330 ppm), and methane (1.7 ppm) [9]. Inset:
Zoom-in of five peaks in the fundamental asymmetric stretch-
ing band of CO2. Highlighted, is the wavelength range we
employ for CO2 absorption spectroscopy with our waveguide.
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Fig. 2. (a), (b), (c) False-color SEM images of the fabricated Si photonic waveguide. (a) Waveguides branching out from a splitter. (b)
A support structure where the Si waveguide was partially removed to expose the SiO2 pillar. (c) A close-up view of the suspended
waveguide. (d) Cross-sectional FEM simulation of the waveguide, displaying the electric field profile of the de-confined fundamen-
tal TE mode. (e) Schematic of the setup used for CO2 sensing, including a sample mid-IR image of the operating waveguide.
accelerating the development of on-chip optical CO2 sensors.
To be the core element of miniaturized optical CO2 sensors,
photonic waveguides must fulfill two key requirements. They
must support light modes at 4.2 µm wavelength with a large por-
tion of the field outside the waveguide core material, to enable
interaction with the gas, and they should have a low base propa-
gation loss, as this limits the applicable waveguide length. The
ratio between these characteristics fully determines the sensing
performance of the waveguide, and is expressed by the figure of
merit FOM = Γ/α, introduced by Kita et al. [19]. Here, α is the
waveguide base attenuation coefficient, including all losses not
due to CO2 absorption, such as material, scattering, curvature,
and substrate losses. Γ = ∂nmode/∂nclad, where nmode is the light
mode’s effective index, is the external confinement factor ex-
pressing the waveguide’s sensitivity to changes in the cladding’s
refractive index nclad [19–21]. Contrarily to the evanescent field
ratio (EFR), i.e. the portion of optical power propagating outside
the waveguide core, Γ correctly describes the sensitivity of any
waveguide, including those with high core-cladding refractive
index contrast [21]. The FOM, in conjunction with the wave-
guide length and the signal-to-noise ratio of the measurement
setup, determines the achievable limit of detection of the system.
A variety of integrated waveguides for the mid-IR have been
presented [12, 13, 16, 18]. A particularly attractive waveguide
material is silicon (Si), because it combines a large transparency
window in the mid-IR, wide availability, and a well-established
mass production infrastructure. Si-waveguide-based sensing
of methane has been demonstrated at 1.65 µm wavelength [22].
Sensing of CO2 at 4.2 µm, however, remains challenging, be-
cause the commonly used silicon dioxide (SiO2) cladding is
optically absorbing at that wavelength. Siebert and Müller [23]
proposed carving Si waveguides for CO2 sensing out of bulk Si.
However, their fabrication process is complex, and their wave-
guide design leads to a large etched sidewall surface, resulting
in high scattering loss. Moreover, the highest EFR achievable is
only 24 %. More recently, Ranacher et al. showed CO2 sensing
with a poly-crystalline Si strip waveguide on an SiO2 cladding,
with a simulated EFR of 7.4 % [24], and the same waveguide on
a partially suspended silicon nitride membrane on SiO2-on-Si
support structures, formed by through-wafer back-side etching,
with a simulated EFR of 10.7 % [25].
Here, we present a partially suspended mid-IR Si waveguide
with a high external confinement factor, and use it to perform
on-chip absorption spectroscopy of CO2 concentrations down
to 0.1 % at λ = 4.24 µm wavelength. We demonstrate that the Γ,
and hence the sensitivity to CO2, of our waveguide is 44 % that
of free-space sensing.
Our photonic waveguide, shown in Fig. 2 (a-c), is a Si beam
partially suspended 3 µm above the Si handle substrate and sup-
ported by tapered SiO2 pillars. The waveguide is 220 nm thick
and 2.2 µm wide in its suspended sections. The absence of a
solid bottom cladding and the large separation from the sub-
strate make the waveguide horizontally symmetric, and thus
allow light guiding with a very small core thickness, and hence
low confinement of the propagating light. These features result
in a high Γ, negligible material absorption and substrate leakage
losses, and maximized mode overlap with the analyte gas in
all directions. According to finite-element-method (FEM) simu-
lations, the supported quasi-TE fundamental mode at 4.24 µm
wavelength (Fig. 2 (d)) has an EFR of 65.4 % and an external
confinement factor Γ of 52.0 %. Taking into account the sup-
port structures, the simulated effective EFR and Γ are 63.2 % and
46.3 %, respectively. We note that the high value of Γ results from
the low confinement of the light and not from narrow-band ef-
fects such as slow light enhancement or resonance. Furthermore,
the waveguide features a small footprint and can be routed to
form photonic circuits. We designed a waveguide circuit layout,
shown in Fig. 2 (e), for fully on-chip-referenced measurements,
to avoid characterization errors due to the CO2 in ambient air.
After an edge-coupled input waveguide section, three outputs
branch out with symmetrical 1x2 multi-mode interference (MMI)
splitters at regular length intervals of 1.6 mm, and terminate
with surface grating couplers.
The waveguide circuit was fabricated on a commercial silicon-
on-insulator (SOI) substrate with a 220 nm Si device layer and a
3 µm SiO2 buried oxide (BOX) layer by a single electron-beam
lithography step, dry etching of the Si, wet etching of the SiO2,
and cleaving. We used electron-beam lithography because of
its rapid turnaround time, but the minimum feature size in the
circuit is compatible with stepper photolithography.
We characterized the CO2 sensing performance of our pho-
tonic waveguide with the setup shown in Fig. 2 (e). We fo-
cused 4.24 µm continuous-wave linearly polarized light from a
distributed-feedback quantum cascade tunable laser with single-
wavelength emission onto the input facet of the waveguide.
We placed the waveguide chip inside a steel case with a mid-
IR-transparent window that allowed the visualization of the
chip surface by a mid-IR camera equipped with a cooled InSb-
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Fig. 3. Four sample measurements of 0.1 %, 0.5 %, 1 %, and 2.5 % CO2 in N2. The top panels show the waveguide output intensities,
while the bottom panels show the extracted propagation loss. The insets show the linear fit of the intensities for two sample frames.
detector and a 1× macro lens. The chip case also had an inlet
and an outlet that enabled controlled gas injection and a steady
flow inside the case. The mid-IR camera aided the alignment
of the waveguide input to the focused light for in-coupling
and detected the output signal from the grating couplers. We
alternately injected nitrogen (N2) and dilutions of CO2 in N2,
purchased pre-mixed, in concentrations of 0.1 %, 0.5 %, 1 %, and
2.5 % in 1 min intervals at a flow rate of 600 mL/min. For each
CO2 concentration, we repeated the three-minute N2-CO2-N2
measurement at different wavelengths across the CO2 absorp-
tion peak highlighted in the inset of Fig. 1. To reduce light
absorption by the atmospheric CO2 along the free-space path
between the laser head and the focusing lens and between the
chip case and the camera, we enclosed these sections in brass
tubes and continuously flushed those with N2.
Fig. 3 shows the results of four sample measurements, one
for each CO2 concentration tested. The top panels show the
intensity time traces of the three waveguide outputs, including
all recorded frames. Here, the intensity drop during CO2 injec-
tion results from light absorption along the entire light path, i.e.
along the waveguide, including the input section before the first
output, and the free-space sections in the setup, where residual
ambient CO2 is present despite the N2 flushing. By extracting
the decay rate of the light intensity along the waveguide from
the three outputs, as shown in the insets of Fig. 3 for two sample
frames, we continuously measured the waveguide propagation
loss in a real-time cut-back measurement. We accounted for
the splitting loss using a reference waveguide circuit with no
additional waveguide length between splitters (Fig. 2 (e)). The
measured propagation loss is displayed in the bottom panels of
Fig. 3. The propagation loss during N2 injection, i.e. the wave-
guide base loss, is 4.6 dB/cm. The increase in the loss during
CO2 injection, clearly visible at all tested concentrations, is the
excess loss caused exclusively by absorption along the straight
waveguide sections between grating outputs. Thus, the differ-
ence between the time-averaged propagation loss during N2
injection and the one during CO2 injection is the waveguide
CO2 absorption loss.
Fig. 4 shows the waveguide CO2 absorption loss for all con-
centrations and wavelengths measured. We compare the mea-
sured waveguide CO2 absorption loss with the predicted free-
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Fig. 4. Measured excess waveguide propagation loss due
to CO2, compared to the free-space CO2 absorption loss [9].
(a) Waveguide CO2 loss spectrum (markers) and 44 %-
downscaled HITRAN free-space spectrum (solid lines). (b) Wa-
veguide CO2 loss as a function of the free-space loss. The gray
markers show our free-space reference measurement.
space CO2 absorption loss at corresponding pressure and tem-
perature, as listed in the HITRAN database [9] and confirmed by
our free-space reference measurement. We find that the Γ of our
waveguide, i.e. its sensitivity to CO2, is 44 % that of free-space,
a value close to the simulated 46.3 %. The measured FOM of
our waveguide is thus 0.42 cm. The standard deviation of the
measured waveguide propagation loss in N2 (Fig. 3) indicates
that the smallest loss change measurable in our setup is 0.17 dB,
corresponding to a CO2 concentration of 330 ppm. According
to the measured FOM, the optimal length [19, 23] for our wave-
guide to sense present-day atmospheric levels of CO2, i.e. 400
ppm, is 9 mm.
In Table 1, we compare our waveguide to other relevant
integrated gas-sensing waveguides. Our waveguide features the
highest theoretical and experimentally demonstrated Γ amongst
all the listed waveguides, and exhibits the highest FOM amongst
3
Table 1. Comparison of reported gas-sensing waveguides.
Simulated Measured
Pol.
λ
[µm] Gas
Intrinsic
mode loss*
[dB/cm]
Γ
[%]
FOM
Γ/α
[cm]
Waveguide
base loss αdB
[dB/cm]
Γ
[%]
FOM
Γ/α
[cm]
This
work TE 4.24 CO2 2.93 46.3 0.69 4.6 44 0.42
[24] TE 4.23 CO2 4.44 10.8 0.11 4.0
† 14 0.15
[25] TE 4.23 CO2 7.57 11.6 0.07 - 19.5 -
[22] TM 1.65 CH4 1.73 28.3 0.71 2 25.4 0.55
* Assuming zero gas absorption, excluding scattering losses, and including substrate leakage losses
and, for the suspended designs, losses due to the support structures.
† Measured at 4.17 µm wavelength.
the mid-IR waveguides.
We note that Ranacher et al. [24, 25] measured a Γ consistently
higher than the simulated one. This might be caused by the
absorption and subsequent release of CO2 by the plastic tubing
and chip case used in the experiments. Such memory effects are
particularly relevant when injecting the CO2 mixtures in order
of decreasing concentration, and result in higher CO2 levels than
intended. Ultimately, the performance of these waveguides is
limited by the high intrinsic mode loss caused by the mid-IR
absorption of the SiO2 cladding and large support structures.
Tombez et al. [22] achieved a high FOM in methane (CH4)
sensing by probing an overtone absorption band of CH4 using
the fundamental TM-polarized mode at 1.65 µm wavelength.
For their waveguide design, and theoretically for all the listed
waveguides, the TM mode is less confined than the TE mode,
thus more sensitive, but also lossier. Tombez et al. can exploit the
TM mode while keeping the waveguide base loss low because
they employ a wavelength at which the SiO2 bottom cladding
presents low absorption. This strategy does not work at longer
wavelengths, at which the TM mode’s base loss increases dramat-
ically. Additionally, the mode size increases with the wavelength,
and requires increasing the spacing between the waveguide and
a high-refractive-index substrate to limit substrate leakage loss.
We achieve a high Γ with the fundamental TE mode thanks to
the small waveguide thickness, and a potentially low base loss
α thanks to the almost complete removal of the 3 µm-thick SiO2
BOX layer. The difference between the simulated and the mea-
sured base loss is due to sidewall roughness. The loss could be re-
duced with a higher-quality fabrication process, possibly includ-
ing thermal oxidation and selective oxide etching to smoothen
the waveguide surfaces. Since the etched sidewalls constitute
less than one tenth of the waveguide surface, our design may
achieve very low scattering losses. Moreover, optimization of
the support structure design and an increase in their pitch could
further reduce the theoretical intrinsic loss.
In conclusion, we have demonstrated the optical absorp-
tion spectroscopy of CO2 concentrations down to 0.1 % us-
ing a 3.2 mm-long low-confinement Si photonic waveguide for
4.24 µm wavelength. The waveguide was fabricated on an SOI
platform with a single lithography step. The waveguide, intrin-
sically broadband, can operate in conjunction with both broad-
and narrow-band sources and detectors. It has a small footprint
and can easily be routed to form mid-IR photonic circuits, po-
tentially including components such as resonant cavities and
spectral filters. By integrating MMI splitters, we implemented
for the first time a waveguide circuit for on-chip-referenced gas
measurements, to eliminate errors due to the ambient CO2 and
ensure that the characterized sensing performance is ascribable
only to the waveguide. In this way, we have demonstrated that
the Γ, and hence the sensitivity to gas, of our waveguide is 44 %
that of free-space sensing, and its FOM is 0.42 cm. Compared
to previous mid-IR gas-sensing waveguides, our waveguide ex-
hibits the highest external confinement factor and a three-fold
improved FOM. This demonstrated performance and the sim-
ple, cost-effective, and scalable fabrication make our integrated
photonic waveguide ideal for mass production and large-scale
adoption. It has the potential to become the choice component
for an increasingly broad range of applications, such as portable
and distributed environmental monitoring, and high-volume
medical and consumer applications.
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